Evidence for vascular contributions to Alzheimer's disease has been increasingly identified, with increased blood pressure and decreased cerebral blood flow both linked to in vivo biomarkers and clinical progression of Alzheimer's disease. We therefore hypothesized that an elevated ratio of blood pressure to cerebral blood flow, indicative of cerebrovascular resistance, would exhibit earlier and more widespread associations with Alzheimer's disease than cerebral blood flow alone. Further, we predicted that increased cerebrovascular resistance and amyloid retention would synergistically influence cognitive performance trajectories, independent of neuronal metabolism. Lastly, we anticipated associations between cerebrovascular resistance and later brain atrophy, prior to amyloid accumulation. To evaluate these hypotheses, we investigated associations between cerebrovascular resistance and amyloid retention, cognitive decline, and brain atrophy, controlling for neuronal metabolism. North American older adults (n = 232) underwent arterial spin labelling magnetic resonance imaging to measure regional cerebral blood flow in brain regions susceptible to ageing and Alzheimer's disease. An estimated cerebrovascular resistance index was then calculated as the ratio of mean arterial pressure to regional cerebral blood flow. Positron emission tomography with 18 F-florbetapir and fludeoxyglucose was used to quantify amyloid retention and neuronal metabolism, respectively. Cognitive performance was evaluated via annual assessments of global cognition, memory, and executive function. Results indicated diminished inferior parietal and temporal cerebral blood flow for patients with Alzheimer's disease (n = 33) relative to both non-demented groups, but no cerebral blood flow differences between non-demented amyloid-positive (n = 87) and amyloid-negative (n = 112) cases. In contrast, the cerebrovascular resistance index was significantly elevated in amyloid-positive versus amyloid-negative cases, with additional elevation in patients with Alzheimer's disease. Furthermore, cerebrovascular resistance index group differences were of greater statistical effect size and encompassed a greater number of brain regions than those for cerebral blood flow alone. Cognitive decline over 2-year follow-up was accelerated by elevated baseline cerebrovascular resistance index, particularly for amyloid-positive individuals. Increased baseline cerebrovascular resistance index also predicted greater progression to dementia, beyond that attributable to amyloid-positivity. Finally, increased cerebrovascular resistance index predicted greater regional atrophy among non-demented older adults who were amyloid-negative. Findings suggest that increased cerebrovascular resistance may represent a previously unrecognized contributor to Alzheimer's disease that is independent of neuronal hypometabolism, predates changes in brain perfusion, exacerbates and works synergistically with amyloidosis to produce cognitive decline, and drives amyloid-independent brain atrophy during the earliest stage of disease.
Introduction
Alzheimer's disease is a neurodegenerative disorder classically characterized by accumulation of cerebral amyloid plaques and neurofibrillary tangles, resulting in marked deficits to episodic memory, and progressively broader cognitive impairment with disease evolution. Beyond these classic neuropathological hallmarks, vascular contributions to Alzheimer's disease have also been increasingly recognized (Snyder et al., 2015) . For example, vascular risk factors have been implicated in Alzheimer's pathogenesis (Breteler, 2000; Viswanathan et al., 2009) , with hypertension, heart disease, diabetes, and a host of other vascular vulnerabilities associated with cognitive decline, brain atrophy, white matter lesions, brain hypometabolism, and amyloid deposition (Luchsinger et al., 2005; Raz and Rodrigue, 2006; Langbaum et al., 2012) . More recently, a series of studies have identified predictive relationships of elevated blood pressure and aortic stiffening with in vivo Alzheimer's biomarkers (Langbaum et al., 2012; Nation et al., 2013a Nation et al., , 2015a Rodrigue et al., 2013; Hughes et al., 2014) , further confirming the pre-eminence of vascular markers during the earliest stages of disease (Iturria-Medina et al., 2016) .
A number of models have been proposed to account for the synergistic interaction of the amyloid-induced pathophysiological cascade with vascular compromise. Many models emphasize the impact of reduced cerebral blood flow (CBF) (Weller et al., 2008; Zlokovic, 2011; Kress et al., 2014) , which has been associated with both normal and pathological ageing across a number of brain regions (Iadecola, 2004) . Moreover, accelerated declines are observed in cases of prodromal and clinical Alzheimer's dementia (Dai et al., 2009; Alsop et al., 2010) , with changes in CBF seemingly predating neurodegeneration, amyloid accumulation, and cognitive decline in those at genetic risk for Alzheimer's disease. CBF reductions have thus been heavily implicated in early disease stages (Bookheimer et al., 2000; Iadecola, 2004; Sheline et al., 2010) .
Increased cerebrovascular stiffening, endothelial dysfunction and/or smooth muscle contractility may drive or operate in parallel to these CBF abnormalities. It has been hypothesized, for example, that blood vessel pulsations provide the mobility necessary for perivascular drainage of amyloid (Weller et al., 2008) . Stiffening of vessels can lead to reduced vascular compliance in accommodation of blood pressure changes, which may in turn decrease pulsation amplitude and consequently capacity for amyloid drainage (Weller et al., 2008) . Cerebrovascular dysfunction may similarly disrupt brain lymphatic vessels, further impairing clearance capacity (Nedergaard, 2013; Iliff et al., 2015) . Reduced clearance ability consequently instigates accumulation of amyloid, leading to plaque formation and/or increased risk of white matter lesions that can further promote Alzheimer's symptomatology (Qiu et al., 2005; Bell et al., 2009; Weller et al., 2009) . Amyloid accumulation can in turn generate further obstruction of blood and perivascular fluid flow via effects of cerebral amyloid angiopathy and neurotoxicity of amyloid oligomers (Weller et al., 2008) . Amyloid-associated vasotoxicity may also produce vasoconstriction itself (Han et al., 2015) .
Cerebrovascular stiffening and amyloid-induced vasoconstriction can lead to increased cerebrovascular resistance, the ratio of cerebral perfusion pressure (P ) to CBF, where P is the difference between mean arterial pressure and intracranial pressure. Previous studies estimating cerebrovascular resistance in Alzheimer's disease have identified increases within several brain regions (Nation et al., 2013b; Liu et al., 2014; den Abeelen et al., 2014) . Although cerebrovascular autoregulation ensures steady cerebral perfusion across a broad range of mean arterial pressure values , this is accomplished through prodigious changes in cerebrovascular resistance. Examining tissue perfusion without regard to blood pressure levels may thus mask changes in cerebrovascular resistance. Consistent with this, our prior work has identified more widespread cerebrovascular resistance changes than those of cerebral perfusion alone (Nation et al., 2013b) . Furthermore, high blood pressure and low CBF have been independently linked to cerebral amyloidosis, suggesting that their ratio (i.e. cerebrovascular resistance) may increase during the earlier stages of Alzheimer's disease.
To date, no studies have investigated cerebrovascular resistance in relation to cerebral amyloid, or evaluated whether these two pathological events synergistically drive future cognitive decline. The present study sought to examine this and establish the contribution of cerebrovascular dysfunction to Alzheimer's disease through longitudinal study of an estimate of cerebrovascular resistance in Alzheimer's patients, amyloid-positive individuals without diagnosis of dementia (heretofore referred to as 'non-demented amyloid-positive'), and amyloid-negative participants. Specifically, we evaluated whether estimated cerebrovascular resistance would show earlier and more widespread changes than CBF alone, independent of cerebral hypometabolism measured by fluorodeoxyglucose (FDG)-PET. We also explored whether these resistance changes interacted with cerebral amyloid status to predict future regional brain atrophy and cognitive decline in older adults initially free of dementia. Finally, we sought to determine whether cerebrovascular resistance is predictive of early atrophy within corresponding brain regions prior to amyloid accumulation (i.e. among non-demented, amyloidnegative older adults).
Materials and methods

Participants
Participants were selected from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database, a repository of data obtained from volunteer adults aged 55-90, recruited at over 50 North American sites. Accepted participants had Geriatric Depression Scale scores 5 6, Hachinski Ischemic Scale scores 4 4, and no significant neurological disease (other than suspected Alzheimer's disease). Only participants who underwent arterial spin labelling (ASL) functional MRI and florbetapir PET scanning (i.e. individuals sourced from sites with Siemens scanners) were included in the present analyses. Participants were divided into those with and without a diagnosis of Alzheimer's dementia. The Alzheimer's dementia group met National Institute of Neurological and Communicative Disorders and Stroke, and Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria for probable Alzheimer's disease, with Mini-Mental State Examination (MMSE) (Folstein et al., 1975) scores of 20 or above, and Clinical Dementia Rating scale (CDR) (Morris, 1993) scores of 0.5 or 1. Remaining participants had MMSE scores 524 and CDR scores of 0.5 or 0. These individuals were further classified based on amyloid load, determined by initial florbetapir PET scanning. Specifically, participants with SUVR 41.11 were categorized as non-demented amyloid-positive, while those with SUVR 4 1.11 were classified as amyloid-negative. A subset of participants received follow-up MRI and cognitive testing at $12 months and 24 months after baseline. Follow-up florbetapir PET scans were collected at 24 and 48 months. Sample sizes are shown in Supplementary Table  1 .
Procedures and measures
Cerebrovascular resistance index: blood pressure to blood flow ratio Blood pressure was measured using a calibrated mercury sphygmomanometer and stethoscope. Measurements were taken while the participant was seated with forearm positioned horizontally and at heart level. Where possible, measurements were taken from the dominant arm.
The average blood pressure within an individual's arteries during a single cardiac cycle, mean arterial pressure, was estimated by multiplying diastolic blood pressure (DBP) by 2 then adding systolic blood pressure (SBP) and dividing by 3 (Equation 1).
CBF was determined using ASL functional MRI conducted on 3.0 T scanners using a pulsed ASL method (QUIPS II with thinslice TI1 periodic saturation) with echo-planar imaging (EPI). Scan parameters were as follows: field of view = 256 mm, repetition time = 3400 ms, echo time = 12 ms, inversion time for arterial spins (TI1) = 700 ms, total transit time of spins (TI2) = 1900 ms, matrix = 64 Â 64, tag thickness = 100 mm, gap from tag to proximal slice = 25.4 mm, slice thickness = 4 mm, number of axial slices = 24, and time between slices = 22.5 ms. CBF was calculated by normalizing scaled, distortion-corrected, co-registered, and partial volume corrected perfusion weighted images to a reference image estimating blood water magnetization. This yielded an estimate of CBF based on physical units of arterial water density (ml/100 g/min). More detailed descriptions of ASL acquisition and processing procedures are provided by ADNI (ADNI, 2011) . Left and right medial orbitofrontal cortex (mOFC), rostral middle frontal gyrus (rMFG), hippocampus, inferior temporal cortex (ITC), and inferior parietal cortex (IPC) CBF were examined. These regions were selected based on previously identified associations with cerebrovascular dysfunction (Du et al., 2006; Nation et al., 2013b; Mattson et al., 2014) in Alzheimer's disease. Regional CBF values were residualized by precentral gyrus CBF to adjust for individual variation in flow. This reference region was selected due to its relative sparing from damage in Alzheimer's disease (Thompson et al., 2003) and use in prior study of ADNI CBF data (Mattson et al., 2014) . CBF values were analysed both with and without adjustment for neuronal metabolism. Adjustment was accomplished by covarying for composite FDG-PET values. ASL MRI was performed at baseline, 12, and 24 months. Sample sizes are presented in Supplementary Table 1. Structural MRI was performed during the same session as ASL. A T 1 -weighted 3D MPRAGE sequence was used, with field of view = 256 mm, repetition time = 2300 ms, echo time = 2.98 ms, flip angle = 9
, and resolution = 1.1 Â 1.1 AE 1.2 mm 3 . Structural scans were skull-stripped, segmented, and parcellated using FreeSurfer version 4.5.0 (surfer.nmr. mgh.harvard.edu).
Cerebrovascular resistance is the ratio of cerebral perfusion pressure (P , the difference between mean arterial pressure and intracranial pressure) to CBF (Equation 2). Under typical conditions wherein intracranial pressure is normal and considerably lower than mean arterial pressure, however, cerebrovascular resistance may be estimated by the ratio of mean arterial pressure to CBF (Equation 3 ). This estimate, cerebrovascular resistance index (CVRi), was used to index cerebrovascular resistance. CVRi values were analysed for the aforementioned regions (i.e. mOFC, rMFG, hippocampus, ITC, and IPC).
CVRi ¼ MAP CBF ð3Þ
Cerebral amyloidosis
Amyloid retention was indexed using PET scanning with an 18 F-florbetapir tracer. Each participant was administered a single intravenous bolus of 18 F-florbetapir prior to AV-45 PET imaging. PET imaging commenced $50-70 min following injection and ran for 20 min. Image reconstruction was conducted immediately after scanning and, where motion artefact was identified, scanning repeated. Florbetapir was quantified using 3 T 3D MPRAGE structural scans collected earlier.
Florbetapir uptake was calculated for the frontal, temporal, and parietal lobes. A cortical summary standardized reuptake value ratio (SUVR) was calculated by dividing the average florbetapir uptake across frontal, cingulate, lateral parietal, and lateral temporal cortices, by mean cerebellar florbetapir uptake. In non-demented participants, amyloid status (i.e. positive or negative) was then identified using a 1.11 threshold shown to reliably differentiate Alzheimer's patients from cognitively normal individuals, and strongly correlate with classifications made by another amyloid indexing radiotracer (i.e. Pittsburgh compound B). This cut-off equates to the upper limit of a 95% confidence limit for mean SUVR obtained in a sample of normal controls (Landau et al., 2011; Joshi et al., 2012) . Florbetapir PET scanning was conducted at baseline, and $24 and 48 months after baseline. Sample sizes are presented in Supplementary Table 1.
Cerebral metabolism
Glucose uptake was indexed using FDG PET imaging, which indexes glucose uptake by tissue and is thus thought to reflect brain metabolism. Each participant was injected with a single intravenous bolus of FDG 30 min prior to scanning. Scan duration was $30 min. Image reconstruction was conducted immediately after scanning and, where motion artefact was identified, scanning repeated. Images were spatially normalized to a Montreal Neurological Institute (MNI) PET template before mean intensity values were extracted for regions of interest defined based on prior studies of metabolic changes in pathological ageing. A composite region based on combined values for all regions of interest was also calculated. Individual and composite regions of interest were intensity normalized by dividing by the mean for a pons/cerebellar vermis reference region (Landau et al., 2011) . The composite value was used in the present study as an index of global brain metabolism.
Cerebral atrophy
For amyloid-negative participants, regional cortical thickness values were obtained using the aforementioned T 1 -weighted 3D MPRAGE scans, collected at baseline, and $12 and 24 months after baseline. FreeSurfer segmentation of subcortical white and grey matter volumes was performed as described by Fischl et al. (2004) . Sample sizes for cortical thickness analyses are presented in Supplementary Table 1.
White matter hyperintensity volume
White matter hyperintensity (WMH) volume was calculated using an automated Bayesian Markov-Random Field (MRF) approach generated from T 1 -, T 2 , and proton density-weighted brain MRI scans. The resulting model incorporated probability priors derived from manually assessed example fluid-attenuated (FLAIR) images. Specifically, the MRF framework combined scan intensity distributions with prior probabilities of WMH in a given voxel, and contextual probability of WMH given the status (WMH present or absent) of neighbouring voxels (Schwarz et al., 2009) . Schwarz et al. (2009) 
Neuropsychological decline
Global cognitive decline was measured using the MMSE (Folstein et al., 1975) . Given evidence of both amnestic and dysexecutive preclinical phenotypes (Dickerson et al., 2011) , we also explored performance on memory and executive function tasks. Verbal memory encoding was assessed using the Rey Auditory Verbal Learning Test (RAVLT) recognition subtest (Rey, 1941) , which has been shown to identify memory decline due to Alzheimer's disease (Andersson et al., 2006; Schoenberg et al., 2006; Jedynak et al., 2012) . Executive function was evaluated using Trails B of the Trail Making Test, which is also sensitive to clinical progression in Alzheimer's disease (Ashendorf et al., 2008) . Trails B scores reflect time taken to complete the trail. Higher times/scores thus suggest poorer executive function (Spreen and Strauss, 1998) . Cognitive performance was collected at baseline, and $12 and 24 months after baseline. Sample sizes are presented in Supplementary Table 1 .
Data used in the preparation of this article were obtained from the ADNI database (adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial MRI, PET, other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of mild cognitive impairment (MCI) and early Alzheimer's disease. For up-to-date information, see www.adni-info.org.
Statistical analyses
All analyses were performed using IBM SPSS Statistics (Version 22). Baseline group differences across demographic and physiological [i.e. age, sex, education, body mass index (BMI), APOE "4 carrier status, systolic and diastolic blood pressure, and mean arterial pressure] variables were evaluated using MANOVA and chi-square tests of independence. MANOVAs were used to evaluate CBF and CVRi differences in all participants (i.e. demented and non-demented). Each MANOVA compared CBF or CVRi in the five selected regions among Alzheimer's, non-demented amyloid-positive and amyloid-negative groups, controlling for age, APOE "4 carrier status, BMI, sex, and FDG uptake. To control for multiple comparisons, all five regions were entered into MANOVA simultaneously, and follow-up analyses restricted to those regions for which MANOVA was significant. Where significant group MANOVA effects were detected, least significant difference (LSD) pairwise analyses (e.g. Alzheimer's versus amyloid-positive, amyloid-positive versus amyloid-negative) were employed to clarify group differences.
The effect of APOE genotype on regional CVRi was also explored, with MANOVA investigating differences in CVRi between APOE "4 carriers and non-carriers. Potential APOE Â amyloid-status (i.e. amyloid-positive versus amyloid-negative) effects were also investigated using linear regression. All APOE analyses controlled for age, BMI, sex, and FDG uptake.
Longitudinal analyses were restricted to non-demented participants, and investigated CVRi and cognitive change across baseline, 12 months and 24 months. Effects of baseline CVRi on longitudinal changes in cognitive performance were evaluated using linear mixed models employing maximum likelihood estimation. Cognitive measures (i.e. MMSE, RAVLT recognition, and Trails B scores) were entered as dependent variables, with fixed effects of amyloid-status, baseline CVRi, and time. Covariates of age, sex, APOE "4 carrier status genotype, BMI, years of education, and FDG uptake were included. To minimize comparisons, analyses of RAVLT and Trails B scores were restricted to a priori selected brain regions known to underpin examined cognitive abilities (i.e. rMFG, mOFC, and IPC for Trails B; hippocampus and ITC for RAVLT). Time was entered as a random effect with an autoregressive covariance structure.
To evaluate the relationship between CVRi and cerebral amyloid load, linear regression investigated baseline CVRi as a predictor of regional amyloid load at baseline, 24 months and 48 months. Results were adjusted for baseline severity through inclusion of baseline MMSE score as a covariate in analyses of 24-and 48-month amyloid load. Regional amyloid SUVR was entered as the dependent variable, with baseline regional CVRi entered as an independent variable. As analyses sought to investigate contributions of CVRi to cognition, and were therefore exploratory in nature, we did not correct for multiple comparisons. However, to restrict the total number of analyses, only associations between CVRi and amyloid load in the corresponding region (e.g. frontal amyloid predicted by mOFC CVRi, or temporal amyloid predicted by ITC CVRi) were explored.
To evaluate the relationship between CVRi and cerebral atrophy, independent of cerebral amyloid, linear regression was used to analyse baseline CVRi as a predictor of cortical thickness among those who were amyloid-negative. For each region (excluding hippocampus), cortical thickness was regressed on baseline CVRi in the same region (e.g. mOFC CVRi prediction of mOFC cortical thickness). Separate regressions were conducted for each brain region at each time point (i.e. baseline, 12 months, and 24 months). Results were adjusted for baseline severity through inclusion of baseline MMSE score as a covariate in analyses of 12-and 24-month cortical thickness.
The relationship between CVRi and WMH volume, independent of cerebral amyloid, was assessed using linear regression. WMH volume at baseline, 12, and 24 months was regressed on baseline CVRi. Separate regressions were conducted for each CVRi brain region at each WMH volume time point. Results were adjusted for baseline severity through inclusion of baseline MMSE score as a covariate in analyses of 12-and 24-month WMH volume.
Cox regressions were also used to determine relationships between CVRi, amyloid load, and progression to dementia. Specifically, median splits were performed on regional CVRi values in amyloid-positive cases, yielding amyloid-positive high CVRi, and amyloid-positive low CVRi groups. These groups were then compared to amyloid-negative participants in prediction of progression to Alzheimer's disease over followup of 24 months. As some participants had follow-up beyond these 24 months, Cox regressions were also run on an extended dataset with variable follow-up from 3 to 120 months in order to confirm findings from the fixed interval follow-up analysis.
For all Cox and linear regression analyses, age, sex, BMI, APOE "4 carrier status, and FDG uptake were entered as covariates.
To address potential inflation of type I error due to multiple comparisons, false discovery rate (FDR) was controlled using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995) . Results were assessed when FDR was controlled at both 0.05 and 0.10.
Experimental design
CDR raters were blinded to participants' cognitive test performance. MRI and PET processing and analyses were performed using automated procedures. Group sample sizes met previously reported requirements for power to detect associations between diagnosis (i.e. Alzheimer's disease versus MCI versus cognitively normal), cognitive performance, and brain volume (Morra et al., 2009) .
Results
Baseline differences in cerebrovascular resistance index versus cerebral blood flow at each Alzheimer's disease stage
Participant baseline demographic and clinical data are presented in Table 1 . Alzheimer's and amyloid-positive groups were significantly older than the amyloid-negative group (both P 5 0.001). The Alzheimer's participants also had significantly lower BMI than their amyloid-negative counterparts (P = 0.02). There were significantly more APOE "4 allele carriers in the Alzheimer's (P 5 0.001) and amyloidpositive groups (P 5 0.001) relative to the amyloid-negative group. There were also significantly more carriers of two APOE "4 alleles in the Alzheimer's relative to amyloidpositive and amyloid-negative groups (P 5 0.05). There were significantly more MCI cases in the amyloid-positive relative to amyloid-negative group (P 5 0.001). There were no significant group differences in blood pressure (all P 4 0.10). Expected group differences in baseline cognitive performance were detected. Amyloid-negative participants outperformed non-demented amyloid-positive participants, who in turn outperformed the Alzheimer's group (Table 1) .
Group means for CBF in target regions are presented in Fig. 1A . Multivariate ANCOVA (MANCOVA) indicated a significant effect of group on regional CBF in three brain areas (Supplementary Table 2 ). Post hoc LSD tests showed that CBF was reduced for Alzheimer's relative to amyloidnegative participants in the left hippocampus (P = 0.03) and left ITC (P = 0.01). The Alzheimer's group also exhibited reduced right IPC CBF compared to the amyloid-positive (P 5 0.001) and amyloid-negative (P 5 0.001) groups. No differences between amyloid-negative and -positive groups were detected for CBF (all P 4 0.10).
Mean group CVRi values are presented in Fig. 1B . MANCOVA indicated a significant effect of group on regional CVRi in eight brain regions (Supplementary Table  2 ). Post hoc LSD tests revealed elevated CVRi in Alzheimer's compared to amyloid-positive participants for the right IPC (P = 0.02), and left rMFG (P = 0.04) and hippocampus (P = 0.02). CVRi for the Alzheimer's group was also higher than the amyloid-negative group in the left mOFC (P = 0.01), rMFG (P 5 0.001), hippocampus (P 5 0.01) and ITC (P 5 0.01), as well as the right mOFC (P = 0.04), rMFG (P 5 0.01), hippocampus (P 5 0.01), ITC (P = 0.02), and IPC (P 5 0.001). Amyloid-positive participants exhibited elevated CVRi relative to amyloid-negative participants in the left mOFC (P = 0.05) and rMFG (P = 0.02), as well as the right rMFG (P = 0.02), hippocampus (P = 0.03), ITC (P 5 0.01), and IPC (P = 0.03). CVRi did not differ significantly between APOE genotype groups (all P 4 0.05). With FDR limited to 0.05, the amyloid-positive versus Alzheimer's group difference in left rMFG CVRi, amyloid-negative versus Alzheimer's difference in right mOFC, and amyloid-positive versus -negative differences in left mOFC, right hippocampus, and right IPC CVRi remained significant.
No main effects of APOE genotype on CVRi were detected (all P 4 0.05). A significant APOE Â amyloid status effect was found for left hippocampal CVRi (P = 0.04). However, when analyses were stratified by amyloid status, no significant effect of APOE on left hippocampal CVRi was detected for amyloid-positive or amyloid-negative participants. No significant APOE Â amyloid interactions were detected for any other brain region (all P 4 0.05).
Longitudinal prediction of amyloid load by baseline cerebrovascular resistance index
Higher baseline left and right ITC CVRi were associated with greater temporal amyloid load at baseline. Higher right ITC also predicted higher temporal amyloid load at 24, and 48 months. Higher baseline right rMFG CVRi was also associated with greater baseline frontal amyloid load (Table 2 ). CVRi prediction of amyloid load was not identified for any other brain regions (all P 4 0.05).
Baseline cerebrovascular resistance index Â amyloid status prediction of longitudinal cognitive decline
Global cognition
There were significant CVRi Â amyloid interactions predicting decline in MMSE score for the right rMFG [F(1, 224) = 4.47, P = 0.04] and IPC [F(1, 347) = 6.27, P = 0.01]. Specifically, higher baseline right rMFG and IPC CVRi were associated with larger declines in MMSE for amyloid-positive, but not amyloid-negative, participants (Fig. 2) . CVRi prediction of MMSE scores was not detected for the left rMFG and IPC, or the left and right mOFC and ITC (all P 4 0.05). Differences associated with the right IPC but not the right rMFG remained significant when FDR was limited to 0.05.
Executive function
As shown in Longitudinal prediction of regional cortical thickness by baseline cerebrovascular resistance index
In amyloid-negative participants, higher regional CVRi at baseline was associated with lower cortical thickness within the same brain region, particularly in temporal areas (Table 3 ). Prediction of progression to dementia by baseline cerebrovascular resistance index
Elevated risk of progression to dementia, above and beyond the risk conveyed by amyloid positivity, was associated with high CVRi in the left mOFC [odds ratio (OR) = 7.94, P = 0.03], hippocampus (OR = 6.19, P = 0.05), ITC (OR = 4.08, P = 0.02), and IPC (OR = 6.91, P = 0.03), as well as the right mOFC (OR = 8.01, P = 0.02), rMFG (OR = 8.04, P = 0.03), and hippocampus (OR = 6.09, P = 0.05) (Fig. 5) . For the left rMFG, there was a non-significant trend in the same direction (OR = 5.82, P = 0.06). Elevated dementia risk associated with higher left ITC, right mOFC, and right rMFG CVRi remained significant when FDR was limited to 0.05.
Attrition
Chi-square tests were performed to determine whether attrition rates differed among amyloid status groups, APOE "4 carrier status, and older versus younger (defined via age median split) participants. Attrition from baseline to 12 months did not differ for any of these variables (all P 4 0.05). Attrition from 12 months to 24 months was proportionately higher in amyloid-positive relative to amyloid-negative participants [ 
False discovery rate
Statistical significance of all reported findings was retained under a 0.10 FDR. Results for which statistical significance 
Discussion
Results of the present study suggest that elevations in cerebrovascular resistance are larger, occur earlier, and impact a broader range of brain regions than previously identified CBF changes . This was reflected in CVRi increases that were larger in statistical effect size, differentiated prodromal Alzheimer's cases (i.e. non-demented amyloid-positive versus -negative older adults), and manifested in frontal, hippocampal, temporal and parietal regions. In contrast, CBF decreases were of smaller effect size, detected only for cases already diagnosed with dementia, and observed in fewer cortical regions. These findings link elevations in cerebrovascular resistance to Alzheimer's pathology (i.e. increased amyloid load), and suggest that changes in cerebrovascular resistance may be more sensitive to early stages of Alzheimer's disease than CBF alone. This is consistent with previous reports of increased blood pressure and decreased blood flow in association with Alzheimer's pathophysiology (Langbaum et al., 2012; Nation et al., 2012 Nation et al., , 2013a Mattson et al., 2014) , and other studies indicating increased cerebrovascular resistance in MCI and Alzheimer's dementia (Nation et al., 2013b; Liu et al., 2014) .
Prior studies using ASL MRI for measurement of arteriolar and capillary blood flow have suggested that brain tissue perfusion is attenuated in some regions in Alzheimer's disease. These studies have not taken into account the role of blood pressure, despite its important role in both CBF and Alzheimer's disease. Although cerebral autoregulation enables maintenance of steady CBF across a broad range of arterial pressures, this is accomplished through substantial changes in cerebrovascular resistance. Therefore, failure to consider concomitant arterial pressure levels may mask vascular resistance changes, underestimating the role of early vascular changes in Alzheimer's disease. If CBF declines observed in Alzheimer's disease are caused by vascular pathology, upstream changes in vascular resistance, which is chiefly generated by larger arteries and arterioles, might be expected prior to capillary-level changes in tissue perfusion. Our findings are consistent with this notion since cerebrovascular resistance increases appear to predate those of absolute CBF, and encompass a wider range of brain regions. Figure 5 Risk of progression to dementia associated with high and low CVRi. Survival plots derived from Cox regressions comparing progression to dementia in amyloid-negative, amyloid-positive with low CVRi, and amyloid-positive with high CVRi, cases. Elevated CVRi was associated with increased risk of progression to Alzheimer's disease, above and beyond risk associated with amyloid positivity. Ab + = nondemented amyloid-positive; AbÀ = amyloid-negative. In amyloid-positive participants, CVRi scores were subjected to a median split yielding 'low' and 'high' CVRi groupings. Early increases in cerebrovascular resistance were also associated with future amyloid accumulation within corresponding brain areas for frontal and temporal regions. Amyloid has shown vasoconstrictive and vasotoxic properties in animal and cell model studies (Niwa et al., 2002; Sole et al., 2015) , which may contribute to cerebrovascular abnormalities. Consistent with our findings, cerebrovascular stiffening could conversely exacerbate amyloidosis, potentially through impairment of amyloid clearance mechanisms (Weller et al., 2008; Zlokovic, 2011; Iliff et al., 2015) . This is consistent with reports of reduced dementia-associated structural and cognitive declines (Qiu et al., 2005) , and attenuation of age-related cerebral amyloid deposition and dementia (Nation et al., 2015b) , in individuals taking antihypertensive medications. Further research into the mechanisms responsible for cerebrovascular resistance increases in preclinical Alzheimer's disease may thus improve our understanding of Alzheimer's disease pathogenesis but also reveal treatment targets.
In addition to predicting amyloid accumulation, cerebrovascular resistance and cerebral amyloidosis showed synergistic effects on the erosion of cognitive faculties in a longitudinal analysis, further implicating cerebrovascular dysfunction in clinical progression of Alzheimer's disease. Specifically, non-demented amyloid-positive cases demonstrated limited cognitive decline unless concurrent elevations in cerebrovascular resistance were also observed. Furthermore, increased cerebrovascular resistance in amyloid-positive individuals was associated with accelerated decline in global cognition, memory and executive function. Cerebrovascular resistance-based exacerbation of amyloiddriven executive function deficits was particularly marked in inferior parietal and frontal regions. This is neuroanatomically consistent with prior reports of a frontoparietal basis for executive function performance (Moll et al., 2002; Zakzanis et al., 2005) . While the role of frontal regions in executive function has been well established (Alvarez and Emory, 2006) , more recent research has linked Trails B performance to activation of parietal nodes within this broader frontoparietal executive network (Seeley et al., 2007) . Executive function deficits commonly seen in preclinical and clinical Alzheimer's may therefore reflect disruption of inferior parietal and frontal cerebrovasculature in conjunction with regional amyloid deposition. Hippocampal cerebrovascular resistance effects on amyloid-driven memory declines in amyloid-positive cases, are consistent with known vulnerability of the hippocampus and adjacent regions to the early stages of Alzheimer's pathology (Braak et al., 1993; Thal et al., 2002) as well as vascular disease (Wu et al., 2008) .
The observed synergistic effects of cerebrovascular resistance and cerebral amyloidosis on cognitive decline are all consistent with the notion that vascular and amyloid pathologies interactively drive the progression of Alzheimer's disease. Our findings are also in line with models recognizing amyloid as a necessary but insufficient element in the broader cascade through which the clinical features of Alzheimer's disease arise (Drachman, 2014; Musiek and Holtzman, 2015) . More specifically, our results suggest that cerebrovascular dysfunction and resulting disruption to CBF may be necessary for the development of dementia in addition to amyloid status. This is in line with vascular models such as the two-hit hypothesis (Iadecola, 2004) , which posits that even moderate declines in capillary perfusion can trigger neurodegeneration and APP-driven increases in amyloid production, both of which contribute to cognitive decline characteristic of Alzheimer's disease. Cerebrovascular resistance and associated or parallel CBF irregularities may thus modify, or operate in conjunction with, amyloid accumulation in progression to dementia (Zlokovic, 2011) . This is consistent with our findings of cognitive repercussions for the interactive effects of elevated cerebrovascular resistance and amyloid deposition, and further supported by associations of early cerebrovascular resistance increases with later amyloid load.
Although cerebral amyloidosis is thought to be pathognomonic of Alzheimer's disease, it has been hypothesized that vascular changes may actually predate amyloid accumulation, a notion that has received some empirical support (Iturria-Medina et al., 2016) . To address the question of whether increased cerebrovascular resistance may occur prior to cerebral amyloidosis, and whether it may independently contribute to early neurodegenerative change, we examined cerebrovascular resistance as a predictor of cortical atrophy among amyloid-negative participants. Findings indicated that in addition to its interaction with cerebral amyloid, cerebrovascular resistance also appears to exert effects above and beyond those produced by increased amyloid load. In amyloid-negative cases, elevations in inferior temporal cerebrovascular resistance at baseline were associated with later cortical thinning within these same regions. These findings suggest that age-related cerebrovascular changes within the inferior temporal regions could predate amyloid accumulation, which has been identified in early disease stages (Thal et al., 2002; Cho et al., 2016) and associated with preclinical memory declines (Chételat et al., 2011) . Increased baseline cerebrovascular resistance within temporal, but also frontal and parietal, brain areas also predicted greater risk of progression to Alzheimer's dementia beyond that attributed to cerebral amyloidosis, further supporting the notion that cerebrovascular resistance may impact clinical progression through both amyloid-dependent and independent pathways. Importantly, all observed cerebrovascular resistance effects were independent of fluctuations in FDG-indexed neuronal metabolism, to which hypoperfusion is often attributed or linked (Du et al., 2006; Musiek et al., 2012) . We conclude that cerebrovascular resistance changes are distinct from, and more than the mere products of, blood flow abnormality driven by metabolic dysfunction. This is underscored by the fact that CVRi, as the ratio of pressure to flow, may not be as directly linked to cerebral metabolism as CBF alone. We also noted that controlling for FDG-PET had little to no impact on observed group differences in either CBF or CVRi, further suggesting that previously described relationships between reduced CBF and Alzheimer's disease are not driven by cerebral hypometabolism. Taken together, these data support hypothesized contributions of cerebrovascular dysfunction to initiation and evolution of Alzheimer's pathophysiology. Study findings were also independent of white matter lesion burden, as cortical cerebrovascular resistance showed no relationships with white matter lesions, suggesting that the effects of cerebrovascular resistance on both amyloid and cognitive decline are not merely due to concomitant vascular brain injuries. This is also consistent with our prior work indicating that subcortical cerebrovascular resistance, but not cortical cerebrovascular resistance, was related to white matter lesion burden (Nation et al., 2013b) . Whereas the present study focused only on cortical cerebrovascular resistance, future studies will further evaluate the role of subcortical cerebrovascular resistance in both vascular and Alzheimer's pathologies.
Contrary to prior reports (Hajjar et al., 2015; Suri et al., 2015; Wolters et al., 2016) , no significant differences in cerebrovascular resistance were identified between APOE genotypes.
This absence of APOE effects on cerebrovascular resistance did not vary with amyloid-status (i.e. amyloid-positive versus -negative), suggesting that cerebrovascular resistance-driven effects may be distinct from those attributable to APOE "4. Given that APOE "4 likely contributes to observed outcomes via amyloid retention (Kanekiyo, 2014) , it is also possible that our use of groups defined by amyloid load expended variance attributable to APOE. APOE effects may therefore be evident within alternatively defined groups (e.g. MCI versus no MCI). Furthermore, APOE Â diagnostic group effects could be examined in relation to a number of outcomes beyond baseline CVRi (e.g. APOE Â amyloid Â CVRi effects on cognition and brain volume). While more thorough examination of APOE interactions with CVRi is beyond the scope of the present study, it is nonetheless an important focus for future research.
The strengths of the present study include large sample size, assessment of cerebrovascular resistance adjusting for brain glucose metabolism, utilization of both cortical atrophy and neuropsychological decline as outcomes, and longitudinal design. We also chose to evaluate CVRi differences and predictive utility in relation to amyloid status rather than cognitive status in these non-demented older adults. This approach allows for investigation of nonbiased relationships with Alzheimer's disease pathophysiology and neuropsychological outcomes. A number of limitations, however, must also be acknowledged. Our estimate of cerebrovascular resistance relied on simple seated blood pressure measures from the brachial artery, ignoring potential differences in intracranial pressure. Calculation of actual cerebrovascular resistance would require simultaneous measurement of cerebral perfusion pressure and cerebral blood flow. Support for the validity of our measure is, however, provided by more dynamic and acute indexes of cerebrovascular resistance. Neuroimaging during gas challenge indicates impaired cerebrovascular reactivity to carbon dioxide in hypertensive relative to normotensive individuals (Hajjar et al., 2010) . This is consistent with the increases in cerebrovascular resistance we observed in individuals with higher blood pressure (i.e. we would expect higher vascular resistance in the brain to reduce capacity for cerebrovascular response to blood pressure and CO 2 changes), although it is possible that autoregulatory mechanisms responsible for hypercapnic hyperaemia differ from those underlying more customary maintenance of basal CBF (White et al., 1998) , particularly in older adults (Kamper et al., 2004) . Our index should thus be regarded as a relative estimate that may improve understanding of blood pressure contributions to regional CBF changes observed in Alzheimer's disease.
The study entailed a large number of analyses, necessitating a correction for multiple comparisons. While statistical significance of all results was retained when FDR was controlled at 0.10, a number of findings were no longer significant under 0.05 FDR. This did not change the overall pattern of results but merely reduced the number of brain regions involved. Furthermore, 80% of results remained significant or trends even at 0.05 FDR (P 5 0.06). High attrition rates across follow-up visits also proved problematic (e.g. preventing employment of more sophisticated statistical techniques) and may have reduced power to detect longitudinal effects. Furthermore, higher attrition rates between 12 and 24 months were observed for amyloid-positive and older participants, potentially limiting our understanding of later stage cerebrovascular changes in higher risk individuals. The heterogeneous nature of the ADNI sample, which included participants from over 50 sites, recruited through varied sources, and studied at varying follow-up intervals, may also have limited generalization of findings to community samples. In addition, the exact methodology employed for blood pressure measurement across ADNI sites is unclear. Optimal acquisition would use a standardized procedure (e.g. three seated measurements, the first of which is discarded). Whether such methods were used and/or whether multiple readings were collected is unknown. Comparisons with other studies of blood pressure should thus be approached with caution. Lastly, selection criteria employed by the ADNI exclude individuals diagnosed with certain cardiovascular conditions, resulting in a sample which likely under-represents vascular risk factors relevant to the models investigated in the present study. Replication of study findings in a larger, more representative community-based sample with more consistent and extensive follow-up may therefore be warranted.
Overall, our results are consistent with growing evidence implicating cerebrovascular dysfunction in Alzheimer's disease. Recent studies have shown that CBF and amyloid imaging are equivalent in prediction of amyloid retention (Tosun et al., 2016) , and age-related CBF declines appear to be present only where amyloid load is pathologically elevated (Gietl et al., 2015) . Moreover, disruption of CBF in APP knock-in mice produces both cerebral amyloid angiopathy and elevated parenchymal amyloid deposition (Li et al., 2014) . Our results extend these findings by identifying both interactive and independent effects of cerebrovascular dysfunction and cerebral amyloid burden on cortical atrophy and cognitive decline, and suggest that cerebrovascular dysfunction may occur earlier than previously thought in the Alzheimer's cascade. 
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